Composite materials featuring a synergic combination of interesting properties such as stimuli responsiveness and tailored porosity are highly appealing due to their multiple possible applications. We hereby present an example which brings together such features by using poly(N-isopropyl-acrylamide)-derived thermo-responsive microgels and Zn-based Metal Organic Framework (MOF) ZIF-8, capable of selective adsorption. Such a composite was obtained by including methacrylic acid as a co-monomer in the microgel, in order to position carboxylic acid moieties within the polymeric matrix, which via preconcentration of MOF precursors would trigger confined heterogeneous nucleation. The highly integrated composite obtained features thermoresponsivity and permanent porosity. Methylene blue adsorption/desorption experiments were performed, revealing a dramatic enhancement of its cargo capacity together with an increased release efficiency.
Introduction
In the last few decades, functional organic-inorganic composite materials have attracted a great deal of attention due to the multiple possibilities arising from a synergic combination of its constituents.
1,2 Examples of such synergy were reported in the recent literature; e.g., composites built from polymers and metallic nanoparticles (NPT) were shown to feature stimuliresponsiveness (towards electric elds, ionic strength, temperature or pH variations), thus allowing interesting applications. [3] [4] [5] [6] From the vast palette of stimuli-responsive polymeric materials, microgels have oen been employed due to their chemical versatility and straightforward synthesis, which typically yields monodisperse distributions of micrometer-sized particles. 7, 8 Among the most popular applications of microgels, examples dealing with controlled nucleation of crystalline solids, 9 separations, 10 biomedicine, 11, 12 and drug delivery 13 can be mentioned. In particular, poly(N-isopropyl-acrylamide)-PNIPAm-microgels constitute a suitable thermoresponsive platform for many of the above-discussed examples.
14 Responsiveness of PNIPAm arises from a change in the relative strength of solvent-monomer and monomer-monomer interactions; i.e., at low temperatures a solvated (swollen) microgel conguration dominates, while as temperature increases, solvent-monomer interactions become weaker, ultimately triggering a transition into desolvated (unswollen) state. The characteristic temperature for such transition is known as the lower critical solution temperature or LCST (typically z30 C for PNIPAm). [15] [16] [17] LCST and other key features of PNIPAm microgels (e.g.; size, exposed chemical moieties, pH responsiveness, or surface charge) are highly dependent on polymer structure and can be modied by including different comonomers (e.g.; methacrylic acid (MAA) for pHresponsiveness and surface charge modulation). [18] [19] [20] Quite recently, ionic microgels have been used as platforms for synthesis of metallic NPT; a two-step procedure consisting in diffusion of metal precursors followed by chemical treatment, 21, 22 yield composites featuring photoluminescence, modied magnetic properties or surface-enhanced Raman scattering.
23-26
An appealing approach for the modication of the above discussed organic-inorganic composites would be; e.g., to replace metallic NPT with other nanostructures. Recent examples deal with the possibility of using SiO 2 nanoparticles as cores from which microgels can be grown in order to achieve core-shell structures that retain the key feature of volume phase transition. 27, 28 An interesting further development of such a strategy could be to replace the SiO 2 core with a different material capable of conferring porosity and/or tailored affinity for targeted adsorbates. Metal Organic Frameworks or MOFs are ideal candidates for this purpose, given that suitable methods for synthesizing such composites become available. MOFs can be best described as spatially extended crystalline porous solids, composed of metallic ion centers (or clusters containing metallic ions), non-covalently linked by multidentate organic molecules.
29,30
Although not extensively explored, there are some recent examples of polymer-MOF composites.
31 Namely, the synthesis of poly(methyl methacrylate) and polystyrene composites with water-sensitive Zn-based MOF-5 (which results in an increased stability towards hydrolysis, without compromising available pore volume), 32,33 the use of surface-graed MOF particles integrated with PNIPAm as thermoresponsive emulsiers and drug-delivery platforms, 34, 35 and the use of hydrogels containing MOFs for adsorption from aqueous environments. 36 Inspired by such examples and the already reported possibility of combining colloidal templates and nanostructures, 37, 38 we envisioned the possibility of synthesizing well dispersed polymer-MOF composites following a straightforward approach; i.e., by using pre-designed microgel particles featuring moieties able to trigger MOF heterogeneous nucleation, which would add microporosity to the thermoresponsive polymer. The main drive for such interest was to explore the possibility of attaining further control over adsorptiondesorption processes, colloidal stability, and the integration of further components in the composite (e.g.; metallic nanoparticles) for additional functionality. 45 Thorough characterization of the composite was carried, conrming the presence of a wellintegrated microporous ZIF-8 phase within the polymer matrix. Aerwards, experiments oriented to demonstrate the suitability of the composite for adsorption/desorption of selected analytes were conducted with methylene blue (MB) aqueous solutions. 46 Such experiments show that the obtained composite features a synergic combination of its components and is capable of outperforming ZIF-8 MOF as adsorbent platform; i.e., it was observed a three-fold increase for its maximum loading capacity, and a ten-fold increase of its release efficiency. in a 250 mL three-neck round-bottom ask. Then, 0.148 g of MAA were added for a nal 1 : 0.143 molar ratio of NIPAm : MAA, under continuous stirring. Next, 0.046 g of APS dissolved in 1 mL Milli-Q water at room temperature were added to the reaction mixture (for a nal 1 : 0.017 NIPAm : APS molar ratio). Aer 4 hours of synthesis, a microgel dispersion was obtained and then puried by (3Â) sequential centrifugation/re-dispersion procedure followed by freezedrying.
Experimental

ZIF-8 synthesis
ZIF-8 MOF was synthesized by mixing equal volumes of methanolic 25 mM Zn(NO 3 ) 2 -ZnN-and 50 mM 2-methylimidazoleHmIm-solutions at 25 C. Aer 1 hour reaction time, dispersions obtained were centrifuged at 7000 rpm for 30 minutes and re-dispersed three times in NaCl 5 mM solution. Concentrations were determined via dry weight with TGA to be 1.6 AE 0.1 mg mL À1 .
ZIF-8@microgel synthesis
Freeze-dried microgel samples were dispersed using ZIF-8 metallic precursor ZnN 25 mM solution (nal concentration 1 mg mL À1 microgel) and kept one week under controlled temperature (4 C) in order to ensure complete preconcentration of the metal ion in the polymeric matrix. Aer-ward, a 50 mM methanolic solution of HmIm linker was added in order to yield a nal (1 : 2) Zn : HmIm stoichiometric molar ratio. Aer 1 hour synthesis, dispersions obtained were centrifuged at 6000 rpm for 30 minutes in a Heraeus Biofuge 22R with an HFA 1494 rotor, and re-dispersed in NaCl 5 mM three times. Moderate ionic strengths were needed while manipulating microgels in aqueous environments in order to reach its full swollen state. 19 As presented in ESI †, synthesized materials exposed to aqueous environments for 5 months were found to remain stable, supporting the possibility of re-use in cyclic procedures.
Characterization techniques used
Dynamic Light Scattering (DLS) measurements were carried using a Zetasizer Nano-ZS90 (Malvern Instruments Ltd.), and Wide-Angle X-ray Scattering (WAXS) in a Xeuss 1.0 HR SAXS/ WAXS, XENOCS, Grenoble setup (INIFTA, project "Nanopymes", EuropeAid/132184/D/SUP/AR-Contract 331-896, UNLP-CONICET) with a microfocus X-ray source and Pilatus 100K detector (Dectris, Switzerland, distance sample-detector: 97.95 mm).
1 H-NMR (Nuclear Magnetic Resonance, Brucker 500 MHz) experiments were performed using deuterated methanol.
Thermogravimetric Analysis (TGA) experiments were carried using Pt pans under 60 mL min À1 N 2 ow; all samples were kept at 100 C until constant weight to ensure proper drying, and then the temperature was ramped (5 C min À1 ) up to 900 C (TGA Q500, TA Instruments). Surface area determination was carried with an ASAP 2020 HD88 surface area and porosity analyzer (Micromeritics). TEM (Transmission Electron Microscopy) images were obtained using JEM 1200EX II (Jeol) apparatus using (when required) phosphotungstic acid negative staining as a contrast agent. A UV-Vis spectrometer Ocean Optics USB4000 spectrometer was employed to perform the UVVis spectra presented. Raman vibrational spectra were obtained with an i-Raman Plus (B&W Tek inc.) apparatus, using a 785 nm light source. Integration time was set to 5000 ms, with a time average of 100 and a 50% laser intensity.
Results and discussion
Microgel and ZIF-8@microgel synthesis and characterization
By means of free-radical precipitation copolymerization, thermoresponsive poly(N-isopropyl-acrylamide-co-methacrylic acid) or poly(NIPAm-co-MAA) microgels with 81% NIPAm-19% MAA composition were obtained (see ESI † for further details about synthesis procedures and NIPAm : MAA ratio calculation from NMR). 19 Taking advantage of the affinity between carboxylate moieties and Zn 2+ ions, microgels were used as so preconcentration platforms, which then allowed for conned ZIF-8 growth (hereaer referred as ZIF-8@microgel). 47 Reaction time needed for composite synthesis was determined by mixing methanolic solutions of ZIF-8 precursors at 25 C while continuously monitoring hydrodynamic diameter (D h ) via DLS. The nal stage of particle growth is attained aer 1 hour reaction time (D h z 400 nm, see Fig. S1 †), and therefore the same value was used for ZIF-8@microgel synthesis. As presented in Fig. 1a , D h corresponding to bare microgel particles (z739 nm) is slightly smaller than ZIF-8@microgel (z795 nm). The fact that no additional particles with different size distribution were observed suggest that heterogeneous nucleation within the microgel is greatly enhanced over homogeneous ZIF-8 nucleation. 20 Further evidence of the suggested conned growth can be obtained from DLS autocorrelation curves (Fig. 1a, inset) . Bare microgel and ZIF-8@microgel diffusion coefficients were determined to be 1.09 mm 2 s À1 to 0.33 mm 2 s À1 , respectively, which is a strong indication of increasingly compact particles compatible with ZIF-8 integration to the polymeric matrix. Thermogravimetric analysis (TGA) was employed for determination of the ZIF-8/microgel relative amounts (see Fig. 1b ), using onset and magnitude of thermal events registered, a 50% w/w composition can be derived. As presented in Fig. 2a, Fig. S2 †) , nuclear Overhauser effect spectroscopy (NOESY) reveals a clear coupling between imidazolic signals and those rising from the microgel network. As presented in Fig. 3 , coupling between 1 ppm signal arising from MAA methylene groups and NIPAm moieties, and 3.8 ppm and 7.1 ppm signals corresponding to imidazole ring, rules out the possibility of phase segregation, since coupling is mediated by dipole-dipole interactions between non-bonded moieties, only possible if separation lengths are lower than 6 A.
Having established the presence of ZIF-8 in the microgel, experiments oriented to determine the presence of porosity and surface area inherent to MOF were carried. Results of N 2 adsorption isotherms at 77 K are presented in Fig. 4 ; a steep increase in the adsorbed volume typical of IUPAC type I isotherms together with BJH-derived pore size distribution maximum at 1.1 nm (Fig. 4, inset) were observed. 45 Determined BET surface area was 632 AE 5 m 2 g À1 (with no signicant difference with Langmuir analysis, 666 AE 6 m 2 g À1 ). Having in mind that microgel contribution to the surface area can be considered negligible, and using TGA-determined weight composition (50%, see Fig. 1b ), it can be assumed that ZIF-8 porosity ($1200 m 2 g
À1
) remains available when assembled in the composite (see ESI † for further details on the calculations).
Morphology and mesoscopic organization of the synthesized materials were studied with transmission electron microscopy (TEM). The use of a staining agent (phosphotungstic acid) in order to confer electronic contrast was necessary only for bare microgel due to the electron-dense MOF phase present in the composite. TEM images are presented in Fig. 5 . As can be seen, the presence of ZIF-8 across the microgel particle is evident, supporting the proposed conned nucleation and growth process and the structural integration of the composite (for size distribution analysis, see ESI †).
Microgel and ZIF-8@microgel thermoresponsive behaviour
The question of whether the thermoresponsive behavior of the microgel is affected or not by the presence of ZIF-8 in the composite was addressed by DLS experiments. Hydrodynamic diameters corresponding to microgel and ZIF-8@microgel dispersions prepared in 5 mM NaCl were compared (concentrations determined by dry weight were 1.73 AE 0.01 and 1.7 AE 0.2 mg mL À1 respectively); results are displayed in Fig. 6 . At phase, causing a difference of approx. 160 nm (as already reported for similar metallic NPT@microgel composites).
28,48 Methylene blue (MB) adsorption and desorption
Having characterized the integration between MOF and polymeric matrix in the composite, its chemical structure, morphology, and thermal responsiveness; we focused on exploring possible uses as adsorption-desorption platforms, considering the demonstrated available porosity present. For this end, methylene blue (MB) aqueous stock solutions were exposed to homogeneous dispersions of ZIF-8, bare microgel, and ZIF-8@microgel composite (see Scheme 1a). In order to ensure equilibrium state, contact time used was 48 h; aerward, suspensions were centrifuged, and equilibrium MB concentrations were determined by UV-Vis spectroscopy (see Scheme 1b). Adsorbent containing MB was then re-dispersed in NaCl 5 mM and le 48 h in order to determine MB release, which was quantied as a percentage (release efficiency, % RE) of the MB originally adsorbed in the considered support (further details on the procedure followed can be found at ESI †).
Low-concentration limit adsorption isotherms obtained are presented in Fig. 7 ; interestingly, and despite the differences between Langmuir model ideal adsorbent and the complex composite solid hereby considered, all the measured isotherms can be reasonably well tted, with some minor differences for ZIF-8@microgel at 25 C. Langmuir model, from which parameters characterizing adsorption were obtained, can be expressed as follows:
where C e and Q e are the determined equilibrium values for MB concentration in the liquid phase and mass loading (adsorbed amount) in the adsorbent; while Q 0 and K L are the values obtained from Langmuir model tting, corresponding to highconcentration limit adsorbed amount and the adsorption constant, related to the Gibbs free energy of adsorption according to
A comparison of Q 0 values obtained for the different isotherms tted to experimental data is presented in Fig. 8 . It is worth mentioning that Q 0 obtained for ZIF-8 suspensions can be considered as a lower-limit value, given that the expected particle aggregation in aqueous environments in aqueous environments would hinder adsorbate access to the total available porosity. Fig. 8 clearly shows that ZIF-8@microgel adsorbent outperforms both bare microgel and ZIF-8, even considering what could be expected from a simple linear combination of the contributions. In order to assess the potential of ZIF8@microgel composite for; e.g., drug-delivery applications, the release of adsorbed MB was tested using adsorbent phase exposed to MB solutions corresponding to initial concentrations of 0.04 mg mL À1 (see ESI † for details NIPAm-NIPAm hydrophobic interactions prevail and provoke particle core to become increasingly hydrophobic, together with segregation of free MAA moieties towards particle surface, this generates an increased negative surface charge.
49
Both effects cause an increased affinity between MB and the microgel resulting thus in a lower RE value for the collapsed state (45 C). Regarding the enhanced release observed for the composite at 25 C, it can be rationalized by considering an equilibrium between MB adsorbed in the microporous environment provided by ZIF-8 and MB adsorbed in regions corresponding to free microgel chains (responsible for temperature triggered transitions). As MB desorbs from polymeric environment towards solution, ZIF-8-adsorbed MB (which act as a reservoir) is continuously released to compensate such release.
Conclusions
We hereby report for the rst time on the use of Poly(N-isopropyl-acrylamide-co-methacrylic acid) (poly(NIPAm-co-MAA)) thermoresponsive microgel as a macromolecular template for ZIF-8 conned heterogeneous nucleation. The strategy followed was to synthesize a microgel featuring MAA moieties, which can act as Zn 2+ partial coordination sites, and via supersaturation effect, trigger conned MOF heterogeneous nucleation, both phenomena proved by Raman spectroscopy and WAXS experiments. The highly integrated (as observed via NMR) ZIF8@microgel synthesized material retains both high surface area and thermal responsiveness. MB adsorption/desorption experiments reveal a clear synergy when comparing ZIF-8@microgel performance versus what could be expected from the combined contributions of bare ZIF-8 and microgel separately. ZIF-8 was demonstrated to be a strong adsorbent but a poor delivery platform due to a very low release efficiency (RE). The use of ZIF-8@microgel composite was shown to cause an overall improvement of adsorption/desorption performance. The observed effect of temperature variations on RE (i.e., RE-25 C > RE-45 C) for the composite allows foreseeing potential applications for its use as drug release platform. The general principles hereby described can be applied with little modication to diverse MOFs and stimuli-responsive polymeric materials, which we believe will open the path for many interesting applications of such nanocomposites.
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